Wireless capsule endoscopy (WCE) systems are used to capture images of the human digestive tract for medical applications. The antenna is one of the most important components in a WCE system. In this paper, we provide novel small antenna solutions for a WCE system operating at the 433 MHz ISM band. The in-body capsule transmitter uses an ultrawideband outer-wall conformal loop antenna, whereas the on-body receiver uses a printed monopole antenna with a partial ground plane. A colon-equivalent tissue phantom and CST Gustav voxel human body model were used for the numerical studies of the capsule antenna. The simulation results in the colon-tissue phantom were validated through in-vitro measurements using a liquid phantom. According to the phantom simulations, the capsule antenna has −10 dB impedance matching from 309 to 1104 MHz. The ultrawideband characteristic enables the capsule antenna to tolerate the detuning effects due to electronic modules in the capsule and due to the proximity of various different tissues in gastrointestinal tracts. The on-body antenna was numerically evaluated on the colon-tissue phantom and the CST Gustav voxel human body model, followed by in-vitro and ex-vivo measurements for validation. The on-body antenna exceeds −10 dB impedance matching from 390 MHz to 500 MHz both in simulations and measurements. Finally, this paper reports numerical and experimental studies of the path loss for the radio link between an in-body capsule transmitter and an onbody receiver using our antenna solutions. The path loss both in simulations and measurements is less than 50 dB for any capsule orientation and location.
I. INTRODUCTION
Wireless capsule endoscopy (WCE) is used to record images of the digestive tract for medical applications [1] , [2] . One of the use cases of capsule endoscopy is to examine areas of the small intestine that cannot be seen by traditional types of endoscopy, such as colonoscopy and esophagogastroduodenoscopy. Traditional techniques are painful and timeconsuming, whereas WCE is non-invasive and painless. The patient swallows a small capsule with a tiny camera embedded into it. The capsule moves through the gastrointestinal (GI) Manuscript tract and takes images, which are transmitted to a receiver unit outside the body of the patient. A physician interprets these images either in real-time or offline.
The antennas of the capsule transmitter and the on-body receiver are important components in the WCE system. Recent research activities on capsule antennas have shown embedded [3] - [12] and conformal structures [13] - [27] as promising antenna types. Embedded antennas are placed inside the capsule cavity. The conformal structure utilizes only the surface of the capsule module and leaves the interior for other components, allowing the most effective use of available surface area of capsule and the antenna to be larger for better radiation performance [25] . As to the operational radio frequency of a WCE system, [28] proposes the frequency band 400 − 600 MHz because of a minimum propagation loss in human body tissues. Similarly [29] shows that frequencies between 400 and 500 MHz are most suitable. In order for the capsule antennas to be insensitive to surrounding human tissue, magnetic antennas are preferred over electric antennas [3] , [30] ; loop antenna is one of the typical magnetic antennas. Therefore, a conformal loop antenna operating at frequencies between 400 and 600 MHz is chosen in this study.
Several designs of a conformal antenna for WCE systems operating at frequencies upto 1400 MHz have been reported in literature [14] - [27] . The antenna needs to fit into a small capsule, and the bandwidth requires to be wide to overcome the detuning effects due to varying tissue properties through the GI tract as well as to realize higher data rate. The conformal antennas in [14] - [18] report bandwidths upto 53 MHz, whereas in [19] - [22] it is upto 185 MHz. The antennas in [23] , [24] operate at 1400 MHz with 200 MHz bandwidth. An outer-wall loop antenna is presented in [27] reports a bandwidth of 785 MHz, while a conformal printed inverse-F (PIFA) antenna with the bandwidth of 562 MHz is presented in [26] , but, no experimental validation has been reported. The outer-wall loop antenna in [25] works at the center frequency of 500 MHz with 260 MHz measured bandwidth. Moreover, radiation characteristics of the ingestible antenna depend on position, surrounding tissues and orientation of the antenna [31] - [34] . However, none of the previous works has rigorously studied them.
Finally, the characterization of the radio link between inbody capsule transmitter and on-body receiver is an important step in the development of the WCE system. Many studies exist on radio propagation of such a link, e.g., [18] , [34] - [43] . However, most of the literature presents in-to-off body propagation, where the outside-body antennas are not in contact with the body [18] , [36] - [39] , [42] , [44] , even though it is arXiv:1804.01577v1 [eess.SP] 4 Apr 2018 very advantageous to place the antenna near the abdomen. The models discussed in [35] , [37] , [40] , [42] cover the path loss between in-body and on-body antennas, but for frequencies above 1 GHz. The in-to on-body propagation channel models for ingestible medical applications at frequencies of 402 MHz, 868 MHz, and 2400 MHz have been discussed in [43] . However, the effects of changing orientation of implant on the path loss are not investigated. In the realization of a reliable WCE system, the on-body antenna requires to work efficiently in the proximity of human body. Some literatures are available on the design of on-body antennas that include the human body effect [34] , [35] , [37] , [40] , [42] , [45] , but their focus is on higher frequencies than 500 MHz. For below-1 GHz on-body antennas, [34] presents a spiral helix antenna at 600 MHz; [45] also shows such solutions, but the dielectric properties of the tissue of the body model in their study are not specified. In [46] , [47] , dual-band on-body repeater antennas at MedRadio (401 − 406 MHz) and 2400 MHz ISM band have been presented. To the authors' best knowledge, there is no literature reporting on-body receiver antenna of a WCE system operating at a radio frequency of 433 MHz industrial, scientific and medical (ISM) band. Subsequently, there are no studies on path loss for a WCE system operating at 433 MHz. In summary, the contributions of this paper are therefore threefold: a) We propose a novel ultrawideband conformal loop antenna attached on the outer-wall of a capsule module operating at 433 MHz ISM band. The designed antenna operation is experimentally verified with a prototype and measurements in a colon-equivalent liquid phantom. The −10 dB impedance matching of the antenna is between 309 MHz and 1104 MHz, outperforming the existing solutions. It was also demonstrated that the antenna is robust against changes of surrounding environments such as other components in the capsule, different tissues in the GI tract, different locations and varying orientation inside the body. Note that the proposed capsule antenna is an extension of the authors' own work [48] . The technical advances of the present paper compared to [48] include i) improved bandwidth by optimizing antenna structure and dimensions, ii) numerically evaluating resonance and radiation performance using a single-layer colon phantom as well as a CST Gustav voxel human body model, iii) conforming the antenna on a realistic capsule module and iv) a study of the specific absorption rate (SAR). b) We propose a novel monopole antenna with a partial ground plane for the on-body receiver unit. The antenna has −10 dB impedance matching from 390 − 500 MHz. Comparisons of in-vitro and ex-vivo on-body antenna measurements with numerical simulations on a colon tissue phantom and a CST Gustav voxel human body model show sufficient agreement of the matching characteristics. c) The in-to on-body link path loss is evaluated for the developed antennas. In-vitro measurements for various locations and orientations of the capsule antenna show reasonable agreement with corresponding numeri- cal simulations, demonstrating the validity of the entire approach of our antenna design and path loss simulations. The path loss is less than 50 dB regardless of the capsule locations and orientations within the body. The remainder of this paper is organized as follows. Section II illustrates the proposed capsule antenna configuration and simulations, while on-body antenna structure and simulations are described in Section III. Section IV addresses the experimental validation of the capsule and on-body antenna, and path loss. Finally, Section V concludes this paper.
II. CAPSULE ANTENNA DESIGN AND SIMULATIONS A. Antenna Structure
The proposed antenna is a loop antenna patterned on a 100 µm thick flexible substrate Preperm 255, which allows bending and wrapping around the capsule. Relative permittivity, ε r , and loss tangent, tan δ, of the substrate are 2.55 and 5.0 × 10 −4 , respectively. Copper of 19 µm thickness is used as a conductor material on the substrate. The proposed antenna before and after wrapping it around the capsule is shown in Fig. 1 . The antenna utilizes the outer-wall of the cylinder and one dome of the capsule module, whereas the other dome remains free for the camera and other optical components. The capsule module is made of polystyrene with ε r = 2.6 and tan δ = 0.05 at 1 GHz. The thickness of the capsules' wall, diameter, and length of the capsule are 0.5 mm, 11 mm and 27 mm, respectively. The antenna does not have a ground plane in order to avoid strong mirror current, which reduces antenna efficiency. Besides other parameters of the antenna change compared [48] , an additional slot has been introduced in each loop arm as shown in Fig. 1(a) to enhance bandwidth. The dimensions of the loop have been optimized to resonate at 433 MHz as summarized in Table I . The feeding point of the antenna in the simulations is indicated by a red triangle in Fig. 1(b) . antenna design and optimization. The antenna arrangement in Fig. 1(b) was implanted at the center of a colon tissue phantom as visualized in Fig. 2 . The colon tissue is more relevant than muscle tissue for our simulations as it is one of the organs of the human GI tract, we preferred to use colon-tissue phantom instead of widely used muscle tissue. The dielectric properties of the colon tissue are frequency dependent, and these at 433 MHz are listed in Table II . We considered the frequency dependency when simulating antenna matching across wide bandwidth centered at 433 MHz. The CST Studio Suite 2017 was used for the simulations.
B. Capsule Implementation and Operating Environments
1) A Reference Case: First, the capsule antenna without biocompatible layer and electronic components in the capsule was placed in the center of the colon-tissue phantom as shown in Fig. 2 ; Y -oriented means that the longest dimension of the capsule is aligned with the Y -axis. The distance between the center of the capsule to the top of the phantom and to the side wall of the phantom are 50 mm and 117.5 mm, respectively. Fig. 3 shows the simulated magnitude of a reflection coefficient, |S 11 |. The antenna exhibits double resonances, at 438 MHz and 905 MHz. The −10 dB impedance matching is achieved across 309 MHz to 1104 MHz, which covers the entire band of interest. The peak realized gain of the antenna is −35 dBi at 433 MHz. In the following studies, this serves as the baseline, and the above-mentioned settings and the same colon-tissue model are used unless otherwise stated.
2) Parametric Studies of the Proposed Capsule Antenna: We consider the Y -oriented capsule antenna at the center of the phantom (see important antenna parameters were the thickness and position of the slots, i.e., d1 and ss in Fig. 1(a) . We begin investigating the effect of the slots on the antenna matching. Fig. 4 shows that the simulated |S 11 | with and without slots in the antenna geometry. We can see that the antenna without slot resonates at around 500 MHz with a −10 dB impedance bandwidth of 572 MHz. After introducing the slots, the bandwidth increased to 795 MHz. Fig. 5 clearly shows that the first resonance at around 500 MHz appears as we increase ss to 5 mm, where ss represents the distance of the slot from the bottom of the antenna as indicate in Fig. 1(a) . The resonance is shifted downwards as we decrease ss. Results show 57 MHz improvement in the impedance bandwidth as we decrease ss from 5 to 2.5 mm. Fig. 6 shows the effect of the thickness of the slot dimension d1 on the matching. The first resonance appears at around 460 MHz for d1 = 0.5 mm and shifts to 438 MHz as d1 increases to 1.5 mm. For our goal to achieve a resonance at 433 MHz with maximum bandwidth, we choose ss and d1 to be 2.5 and 1.5 mm, respectively.
3) Effects of Capsule Orientations: As it is impossible to control the orientation of the capsule during endoscope operation, its orientation is considered random. We numerically evaluate the changes of antenna matching for three different orientations of the capsule at the center of the colontissue phantom in Fig. 7(a) . The results demonstrate that the capsule orientation does not have a significant impact on the antenna resonance, as can be expected inside a large homogeneous phantom. The peak realized gain at 433 MHz of the X-oriented, Y -oriented and 45 • slanted (in Y Z-plane) capsule antenna is −34.5, −35 and −32 dBi, respectively. The variation of the peak gain across different orientation is not significant.
4) Effects of Biocompatible Layer:
Biocompatibility is the property of materials that does not cause any toxic reactions, effects, or injuries in the human body. Because the antennas are made from non-biocompatible materials, an introduction of a biocompatible insulation on the antenna is inevitable in practice. The materials also isolate the capsule from the moist and corrosive environment inside the GI tract. A popular biocompatible material for capsules is a thin layer of lowloss Polyamide with ε r = 4.3 and tan δ = 0.004 [49] . A Yoriented capsule antenna with 0.1 mm thick Polyamide layer was simulated at the center of the colon-tissue phantom shown in Fig. 2 . Fig. 7 (b) shows the |S 11 | of the capsule antenna with and without biocompatible layer. Results indicate that the antenna resonance shifts slightly up in frequency, because of lower dielectric loading effect of the antenna due to the biocompatible layer. However, |S 11 | remains below −10 dB between 400 and 600 MHz and maintains UWB characteristic.
5) Effects of Electronic Components in the Capsule:
The capsule transmitter comprises of electronic components, such as illuminating light, telemetry unit, camera, and battery, among which the battery occupies the largest volume. The effect of these electrical components on |S 11 | was numerically simulated for varying sizes of the battery and its position inside the capsule. The battery was modeled as a cylinder made of a perfect electric conductor with 7.5 or 8.5 mm diameters and 7.2 mm height and was placed at either the bottom or center of the capsule. Results are shown in Fig. 7(c Fig. 2 . Similarly, the antenna location, H, was changed along Y-axis, while maintaining D = 50 mm. The simulated |S 11 | are presented in Fig. 7(d) and Fig. 7(e) , showing that they are practically unchanged for all the tested depths and locations. 7) Effects of Different Tissues: As a capsule travels through the entire GI tract, it experiences a significant change of relative permittivity and conductivity depending on the surrounding tissues, as presented in Table II [50] . Fig. 7 (f) shows |S 11 | for different surrounding tissues of the phantom in Fig. 2 , indicating slight decrease of the antenna's resonance frequency in the stomach and small intestine due to the higher ε r than the colon. Furthermore, matching bandwidth is enhanced when the antenna is in the small intestine. Since, the quality factor of the capsule antenna in the small intestine is the smallest due to the highest tan δ, the antenna shows the largest matching bandwidth among other tissues. As the muscle tissue phantom is frequently used for the performance evaluation of capsule antennas in literature [4] , [14] - [16] , [23] , [24] , we evaluated the antenna matching in muscle tissue as well. The antenna in muscle tissue resonates at a slightly higher frequency due to lower ε r . Despite clear variations in the antenna resonance across tissue types, |S 11 | remains below −10 dB between 336 and 1065 MHz in all cases. 
C. Resonance, Radiation, Specific Absorption Rate (SAR) in a Realistic Human Body Model
The resonance and radiation performance of the capsule antenna was studied with 3-D CST Gustav voxel human body model. Due to the limited computing resources, only a torso with the volume 290 × 230 × 100 mm 3 was considered, which is comparable with the dimensions of the single-layer colon phantom shown in Fig. 2 . When implanted in the colon, stomach, and small intestine, the capsule is 50, 90 and 85 mm away from the nearest body surface, respectively. The simulated |S 11 | of the optimized capsule antenna without electronics and biocompatible layer with three implant positions are presented in Fig. 8 . The results demonstrate that for the proposed antenna |S 11 | is better than −10 dB at 433 MHz for all implant positions and maintains a wide impedance matching bandwidth. A comparison of the results in Fig. 8 with those in Fig. 7 (f) indicates the suitability of using the simplified colon phantom in Fig. 2 for the capsule antenna design. The simulated peak realized gain is −23.5, −26.8, and −29.7 dBi for the capsule antenna implanted in the colon, stomach, and small intestine, respectively. The antenna in small intestine shows a lower peak gain due to the higher conductivity compared to colon and stomach. Here, peak gain is also affected by the distance from body surface.
Since the capsule antenna needs to be swallowed in a human body, radiation safety should be discussed. There is a maximum allowable power radiated from the capsule antenna. The SAR is the rate of energy deposited per unit mass of tissue. The IEEE C95.1-1999 [51] and C95.1-2005 [52] specify that 1-g and 10-g averaged SAR should be less than 1.6 W/kg and 2 W/kg, respectively. The SAR calculator in CST Microwave Studio therefore numerically estimated the maximum allowable input powers to the Y -orientated capsule antenna implanted at three different positions in the CST Gustav voxel human body model. The results demonstrate that the capsule antenna is safe to be used at the transmit power less than 7.1 and 28 mW in colon, 5.0 and 24 mW in small intestine and 7.2 and 25 mW in stomach for the 1-g and 10-g averaged SAR, respectively. The capsule for wireless endoscopy in mind is likely to fulfill the SAR requirement.
III. ON-BODY ANTENNA DESIGNS AND SIMULATIONS

A. Antenna Structure
The design goal of the on-body antenna is to have a compact size, and sufficient resonance and radiation characteristics at 433 MHz. Our on-body antenna solution consists of a compact meandered monopole antenna, along with two small wings on a ground plane and partial grounding, which improve antenna matching. The configuration of the on-body antennas is shown in Fig. 9 . A 1.5 mm thick FR4 with ε r = 4.3 is used as substrate material, whereas 19 µm thick copper is used as conductor material to pattern the monopole and ground plane. The optimized dimensions of the antenna are summarized in Table III .
B. Effects of Body on Matching and Radiation
In practice, antennas of the receiver unit of a WCE system are placed directly on the human body. We studied the influence of the tissue on resonance and radiation characteristics of the proposed on-body antenna using the single-layer colon tissue phantom introduced in Section II-B and the 3-D CST Gustav voxel human body used in Section II-C. The simulation results of the antenna on a single-layer phantom will be compared to corresponding phantom measurements in Section IV-B, while results with the antenna on anatomical human body model will be validated through ex-vivo measurements on a test person.
1) Single Tissue Phantom: The antenna was placed in the center of the outer wall of the colon-tissue phantom model as shown in Fig. 10 . For consistency with set-ups of the measurement described in Section IV-A2, a 0.5 mm thick plastic container with ε r = 1.88 and tan δ = 0.005 was included in the simulation model. An SMA edge connector was used as the antenna feed, but it prevented the antenna from being fully touching the surface of the phantom. So, this gap of 1 mm between the antenna and plastic cover was introduced also in the simulations. The simulated |S 11 | shown in Fig. 11 illustrates that the antenna resonates at 435 MHz with −10 dB impedance matching across 110 MHz bandwidth. The peak realized gain is −18 dBi.
2) Realistic Human Body Model: In addition, the resonance and radiation performance of the antenna was evaluated using a 3-D CST Gustav voxel human body model. The dimensions of the human body torso used in the numerical simulations are same as in Section II-C. According to [33] , the antenna was placed directly on the left-side abdominal skin of the torso. The simulated |S 11 | shown in Fig. 11 depicts that the antenna resonates at 360 MHz. The downward shift of the resonance frequency is reasonable since the antenna was in direct contact with the skin tissue. The peak realized gain of the antenna is −16.5 dBi. Finally, the SAR was estimated using CST Microwave Studio. We found that the maximum allowable input powers to the antenna placed on the abdomen of CST Gustav human body model is 18 and 82 mW for the 1-g and 10-g averaged SAR, respectively.
IV. ANTENNA FABRICATION AND MEASUREMENTS
A. Capsule Antenna 1) Fabrication: The fabricated capsule antenna before wrapping on the capsule module is presented in Fig. 12(a) . Since a broadband surface mount balun and an SMA connector will be used to feed the antenna in the in-vitro measurement, the footprints of the balun and the SMA connector were also fabricated along with the antenna. The antenna was fabricated on the same flexible substrate material as defined in Section II-A; details of the fabrication process are described in [48] . The dimensions of the flat capsule antenna follow in Table I , and it was wrapped around the outer-wall of a standard capsule module as illustrated in Fig. 12(b) . The capsule module is made of polystyrene with ε r = 2.6 and tan δ = 0.05 at 1 GHz. The diameter and length of the capsule are 11 mm and 27 mm, respectively, whereas the thickness of the wall is 0.5 mm. After wrapping the points A and B in Fig. 12(a) were soldered together to form the loop. The biocompatible layer and any components inside the capsule were not included in the measurement.
2) Measurement Set-up: The in-vitro measurement set-up for the capsule antenna is illustrated in Fig. 13 , which consisted of a vector network analyzer (VNA) and a rectangularshaped plastic container to form a phantom. The container was filled with liquid mimicking the colon tissue. The liquid was formulated by mixing 79% salted water and 21% TritonX-100. The mixing process consists of the following steps: dissolving the salt in distilled water as 7.85 g/L, and heating the TritonX-100 and salted water at 40 • C separately before mixing. We used HP 8720C network analyzer and 85070A dielectric probe kit [48] based on the transmission line propagation method to measure the electrical properties of the liquid phantom. The measured permittivity and loss tangent values at 433 MHz were 61.4 and 0.60, respectively, emulating the dielectric properties of the colon tissue properly.
Since the proposed loop antenna is balanced, the current leakage would be a possible problem when connecting with an unbalanced transmission line, such as, a coaxial cable. We used balun instead of the setup in [48] to measure the balanced capsule antenna using an unbalanced connector. For differential feeding, we used similar approach reported in [25] . A wideband surface mount balun (Analen B0322J5050AHF) was used at the feeding point of the antenna. Balance ports of the balun were connected to the antenna, whereas center and outer conductors of an SMA connector were soldered to the unbalanced port and ground of the balun, respectively. During the measurements, we used a layer of sticky rubber with ε r = 2.2, tan δ = 5.0 × 10 −4 around the feeding components, i.e., a balun, an SMA connector, and a coaxial cable to avoid the direct contact with the liquid [4] , [49] . As the VNA was calibrated on the reference plane of the SMA connector, capsule antenna with the SMA connector was simulated to test its impact on matching. Since the SMA connector was isolated from the liquid, we found a negligible impact on Fig. 7(a) , Fig. 7(d) and Fig. 7(e) , respectively.
matching. The SMA connector inside the sticky rubber works almost as in free space at the designed frequency band. The proposed capsule antenna, which was inserted in the colon liquid phantom, was connected to port-1 of the VNA, while the port-2 in Fig. 13 was open-ended in matching measurements.
3) Results: The comparison of the simulated and measured |S 11 | of a Y -oriented capsule antenna at the center of the liquid phantom is presented in Fig. 14(a) . The simulated plot is identical to the one in Fig. 3 . The results show that the measured plot matches simulated one quite well. The lower resonance is slightly shifted upwards to 455 MHz, while the second resonance is at 905 MHz as in the simulations. The measured matching at 433 MHz is 5 dB better than in the simulations. This might come from the fabrication process of the prototype. Since the fabricated antenna was attached on the outer-wall of the capsule, there might be small air gaps between the antenna and capsule wall. The measured |S 11 | of the proposed capsule antenna is better than −10 dB across the frequency range from 280 MHz to 1057 MHz, which agrees well with the simulated matching bandwidth.
Several more measurements were performed with the orientations, depths, and locations of the capsule in the phantom as discussed in Section II-B. Fig. 14(b) presents the comparison of simulated and measured |S 11 | of the antenna for three ori- entations of the capsule at the center of the phantom. Though slight differences in the resonance behavior are evident, the results show the validity of the antenna design and experimental evaluation process. Fig. 14(c) compares simulated and measured |S 11 | for different capsule locations H from the side wall of the phantom, while maintaining capsule depth D = 50 mm. Fig. 14(d) presents |S 11 | for different capsule depths D from the top with H = 117.5 mm. The measurements support the findings from simulations, i.e., the insignificant impact of the location and depth on the antenna resonance. The measured |S 11 | is better than −10 dB for the entire bandwidth of interest from 400 to 600 MHz regardless of the capsule locations and depths. Table IV shows a comparison of reported capsule antennas in the literature, designed frequencies are up to 1400 MHz. The matching bandwidth of the proposed capsule antenna exceeds the existing solutions, while the realized peak gain is comparable. It should be noted that for an accurate comparison of the realized gain, all solutions need to be investigated in the same set-up using a phantom with identical geometry and dielectric properties.
B. On-Body Antenna
The on-body antenna was fabricated on the same FR4 substrate as in the simulation, detailed in Section III-A. The fabricated on-body monopole antenna is shown in Fig. 15 . The in-vitro measurement was performed using the liquid phantom, introduced in Section IV-A2, as shown in Fig. 13 . The onbody antenna, which was placed on the outer wall of the liquid container, was connected to the VNA port-2 through a coaxial cable, while VNA port-1 was open-ended during this measurement. The simulated and measured |S 11 | follow the same trend, as can be seen in Fig. 16 , although the maximum magnitude differs slightly. Still, the antenna resonates at the same frequency as in the simulation i.e., 420 MHz, with −10 dB impedance bandwidth of 120 MHz.
In addition to measurements with the phantom, the antenna matching was studied with a real human body of BMI 22 in a laboratory environment. In agreement with the simulations in Section III-B2 that use the realistic human body model, the ex-vivo measurements include the on-body antenna placed on the abdominal skin directly. Fig. 17(a) shows the exvivo measurement set-up. Fig. 17(b) presents the measured and simulated |S 11 | having a similar profile, though their best matching level differs. Nevertheless, the on-body antenna resonates at 360 MHz as in the simulations with the CST [4] Embedded, multilayer PIFA 403 9 −29 Muscle, cyl., Ø80 × 110 [5] Embedded, microstrip 915 11 Human body phantom [6] Embedded, helical 402 32 εr = 56, σ = 0.8 S/m, cyl.,Ø75 [7] Embedded, spiral 402 70 εr = 56, σ = 0.83 S/m, cyl., Ø150 × 150 [8] Embedded, fat-arm spiral 450 75 εr = 56, σ = 0.83 S/m, cyl. Ø150 × 150 [9] Embedded, dual-spiral 402 98 εr = 56, σ = 0.83 S/m, cyl., Ø150 × 150 [10] Embedded, conical spiral 450 101 εr = 56, σ = 0.83 S/m, cyl., Ø150 × 150 [11] Embedded, spiral 500 104 −19.9 εr = 56.9, σ = 0.97 S/m, cyl., Ø150× 150 [12] Embedded, dual-spiral 402 189 εr = 56, σ = 0.83 S/m, cyl., Ø150 [14] Conformal Gustav voxel human body model. The comparison consistently shows better matching than −10 dB at 433 MHz. 
C. Path Loss
The propagation path loss between the capsule and onbody antenna was studied using the proposed antennas. The homogeneous colon tissue phantom model was considered both in simulations and measurements. A full-wave time domain simulation was conducted to estimate the propagation loss in the tissue. The path loss for a particular capsule and onbody antenna location is defined as the ratio of the input power at the transmit capsule antenna to the output power at the onbody antenna port. In terms of transmission coefficient of the two-port network, it is expressed as P L| dB = −10 log 10 |S 21 |. Fig. 18 illustrates the path loss simulation setup. Three different orientations of the capsule are considered, such that they are along the X-axis, Y-axis, and 45 • slanted on the YZ-plane. For each orientation, the transmit-receive distance was changed by moving the capsule antenna along Y-axis away from the receive antenna, i.e., P increases, while maintaining the same D = 50 mm. The distance between the antennas includes 0.5 mm thickness of phantom's plastic container and 1 mm air gap in between the on-body antenna and phantom's wall. The path loss was estimated at six distances between P = 20 to 120 mm for each of the above-mentioned capsule orientations. The corresponding invitro measurements were performed using the liquid phantom introduced in Section IV-A2 as shown in Fig. 13 . The capsule and on-body antennas were connected to the VNA ports 1 and 2, respectively. A thru-calibration of the VNA was performed in order to subtract the cables' frequency response. The path loss was obtained from readings of the scattering parameters on the VNA. The simulated and measured path loss are plotted together in Fig. 19 , showing their close agreement for all the tested capsule orientations. The mean simulation path loss error is −0.4, −0.4 and −0.3 dB for the X-, Yand YZoriented capsule, respectively, whereas standard deviation is 1.3, 2.1 and 1.4 dB. The minimum path loss is observed when capsule antenna is 45 • slanted on the YZ-plane. The maximum path loss of 50 dB is observed in the measurement when capsule antenna is Y-oriented at the center of the phantom. The path loss differences across capsule orientations are mainly due to polarization mismatch between in-and on-body antennas. The simulated axial-ratio towards negative Y-axis direction at 433 MHz of the YZ-, Xand Y-oriented capsule at the center of the colon-tissue phantom is 8.4, 9 and 13 dB, respectively. The values indicate elliptical to linear polarization of the transmitted far-fields. The path loss of the Y-oriented capsule is slightly higher most likely due to more a pronounced polarization mismatch than other orientations. The variations in polarization mismatch between in-to on-body antennas can be mitigated by using a circularly polarized antenna at one end of the link, or a dual-polarized antenna at the receiver side. However, the proposed antenna solutions do not solve the polarization mismatch issue, but future works include the design of circularly polarized antennas. According to [53] , the acceptable path loss for an improved WCE was 73.3 dB 1 . The proposed antenna solutions, therefore, are capable of supporting the improved WCE. 1 The derivation of the tolerable path loss estimate assumes, for example, the channel bandwidth of 2.4 MHz, 0 dBm input power to the capsule antenna, fading margin of 10 dB, channel signal-to-noise ratio of 16 dB, and the noise figure of 10 dB. Then the link is capable of transferring 2.0 Mbps, which suffices for sending 6 camera images per second.
V. CONCLUSION
In this paper, we present novel small antenna solutions of an improved WCE operating at 433 MHz ISM band. An ultrawideband conformal loop antenna is proposed for the in-body transmitting capsule, while the on-body receiving antenna is a printed monopole with a partial ground plane. The in-body antenna utilizes the outer-wall of the capsule and leaves the inner space for the other electronic components. For a required impedance matching of −10 dB, the proposed antenna supports a bandwidth of 795 MHz, from 309 to 1104 MHz. The ultrawideband matching enables the capsule antenna to overcome the detuning effects due to orientations and locations of the capsule, electronics modules in the capsule and proximity of the capsule to various different tissues in GI tract. The on-body antenna was numerically evaluated on the colon-tissue phantom and a realistic human body model. In-vitro measurements on a liquid phantom and exvivo measurements on a real human body were performed for validations. The measured −10 dB impedance matching from 390 MHz to 500 MHz shows good agreement with simulated results. Finally, the path loss for the radio link between an inbody capsule transmitter and an on-body receiver was studied using the proposed antenna solutions. The path loss is less than 50 dB for all the capsule orientations and locations in the body, opening the way for improved ingestible WCE by supporting higher-data-rate radio links.
